A hydrogen-filled capillary discharge waveguide operating at kHz repetition rates is presented for parameters relevant to laser plasma acceleration (LPA). The discharge current pulse was optimized for erosion mitigation with laser guiding experiments and MHD simulation. Heat flow simulations and measurements showed modest temperature rise at the capillary wall due to the average heat load at kHz repetition rates with water-cooled capillaries which is promising for applications of LPAs such as high average power radiation sources.
I. INTRODUCTION
The high acceleration gradient possible with laserdriven plasma accelerators 1 and recent progress such as the production of high-quality GeV electron beams [2] [3] [4] [5] [6] [7] has increased interest in laser-plasma accelerator technology as a driver for radiation sources, [8] [9] [10] [11] [12] [13] and as a path towards a TeV-class linear collider 14, 15 .
For both radiation source and high energy physics applications, repetition rates kHz are required. As an example, compact LPAs offer the possibility of a portable system to actively interrogate targets which may contain special nuclear materials. The device would use Thomson scattering of laser light from the electron beam to produce a tunable high flux beam of gamma rays. Key to realizing this system is achieving the desired gamma ray photon flux and bandwidth (10 10 to 10 12 photons/second, < 2 % energy spread) 16 , which in turn requires increasing the repetition rate of high-energy LPAs from ≈ 1 Hz to 1 kHz.
For LPAs with higher repetition rate to be realized, femtosecond laser technology must be scaled to average power 100 times the current state-of-the-art and advances in fiber lasers and diode pump sources are motivating further research toward this goal 17 . The plasma source must also support kHz operation but capillary discharge waveguides (which have been shown to maximize electron beam energy for a given laser power 2, 18 ) currently operate at repetition rates of ≈ 1 Hz 19 . This type of waveguide involves striking a discharge inside a capillary filled with low atomic number gas (usually hydrogen), where Ohmic heating of the plasma and heat conduction to the capillary wall give rise to a density profile with minimum on-axis that is suitable for guiding high-intensity laser pulses 20 .
In addition to providing focusing forces for laser pulses in LPAs, capillary discharge waveguides have also been shown to be an effective focusing element for electron beams via the discharge current and associated magnetic field 21 . This provides a compact, tunable, and symmetric lens for transporting electron beams to targets and between independently powered LPA stages to achieve very high electron beam energy 22 . These waveguides have also been shown to be beneficial for high harmonic generation 23 and extreme ultraviolet lasing 24 . For all of these applications, increasing the repetition rate is important.
One potential limitation to the repetition rate of capillary waveguides is erosion of the wall material. Erosion can take place within a single discharge shot or be due to the high average power of multiple shots. Although less prone to erosion than other types of discharge waveguide [25] [26] [27] , previous measurements at low (≈ 1 Hz) repetition rate showed that after 1.3 ×10 6 discharge shots the sapphire capillary wall had eroded up to a depth of ≈ 30 µm 28 . This was for a square capillary of side 210 µm filled with 45 Torr of hydrogen and a current pulse with peak 300 A. Although this erosion is acceptable for 10 Hz systems, such erosion of the capillary wall is not compatible with long term operation at kHz repetition rates since the depth of the plasma channel depends on the radius of the capillary 20 . Mitigation of erosion of the capillary wall can be achieved by reducing the heat flux. The parameters that can affect this include current pulse width and amplitude, fill pressure, and capillary radius. The primary parameter for reducing heat flux is the current pulse amplitude since the rise time of the current pulse must be 100 ns in order for the plasma channel to form 20 , and typically one fixes the initial fill pressure and capillary radius to set the required density and plasma channel depth for the application. One method of determining the minimum current required to form a plasma channel is to perform laser-guiding experiments where both the laser energy transmitted through the waveguide and the size of the laser spatial mode at the exit of the capillary provide evidence for the formation of a plasma channel. Surface profile measurements were employed to determine whether erosion was taking place.
Using diamond instead of sapphire as the capillary wall material could also reduce the temperature at the capillary wall (single-shot or average) and mitigate erosion because of its high thermal conductivity at room temperature (up to five times that of copper and fifty times larger than sapphire). Other potential benefits result from various properties of diamond: compatibility with hydrogen based plasmas, chemical erosion resistance, thermal ii shock resistance, negative electron affinity of the hydrogen terminated surface, optical and IR transparency. The potential increase in repetition rate afforded by diamond is investigated here using heat transfer simulations.
In this paper we determine the minimum amplitude of the current that is able to generate a plasma profile suitable for guiding, in order to reduce the heat deposition to the capillary walls. We demonstrate stable operation of the capillary discharge at 1 kHz repetition rate, and show that the effect of average temperature rise of the capillary wall material and gas can be mitigated by adjusting the gas flow. Operation for 10 million discharges showed no erosion within the 0.6 µm error.
The paper is organized as follows. Section II presents simulation and experiments resulting in the mitigation of erosion, including measurements of the plasma channel with guiding of femtosecond laser pulses and erosion of the capillary wall. Section III describes the limitations on repetition rate due to average power deposition and presents experiments demonstrating operation of the waveguide at a repetition rate of 1 kHz. Conclusions and prospects for a GeV-class laser plasma accelerator operating at repetition rates in excess of 1 kHz are discussed in Section IV.
II. MITIGATION OF SINGLE-SHOT EROSION
Minimizing the peak current of the discharge will reduce the peak temperature at the capillary wall and potentially avoid melting and erosion. In this section the minimum current required for waveguide formation is derived first from theory and simulation in Sec. II A, and then determined experimentally in Sec. II B A. Theory and simulation of the minimum current required for waveguide formation As described in Ref. 20 there are three stages of the plasma evolution in a hydrogen-filled capillary discharge waveguide. During the first stage the magnetic field penetrates the plasma, which is heated and ionized locally. Radial distributions of the plasma parameters remain homogeneous. As the electric current increases, the thermal conduction becomes significant at approximately the time of complete ionization of the plasma. During the second stage a redistribution of the plasma temperature and density across the channel occurs. In the third stage the discharge plasma is in dynamic and thermal quasiequilibrium. A simple quasi-static model of the capillary discharge in the third stage (QSM) 20 predicts the plasma temperature and density using a balance between ohmic heating and cooling due to electron heat conduction to the capillary wall. During this phase the plasma pressure is almost uniform, and the electron density profile is approximately parabolic with a minimum on the axis, where the plasma temperature is maximum. Guiding of laser pulses is then possible due to the density profile that near the axis can be approximated by n e (r) = n e (0)+br 220 . A laser pulse with a Gaussian transverse profile will propagate through the waveguide with a constant intensity profile if the spot size (1/e 2 radius of intensity profile)
−1/429 , where r e is the classical electron radius.
An estimate of the current required for waveguide formation can be made by assuming that the on-axis temperature must exceed the temperature required for full ionization of the hydrogen. The temperature on the axis of the capillary can be estimated using the QSM by 20 :
T e (eV) = 5.7
where T e (eV) is the electron temperature, I(kA) is the current flowing through the plasma, and r cap (mm) is the radius of the capillary. A temperature of approximately 3 eV is required for full ionization, requiring a peak current of 25 A for r cap = 125 µm. This estimate does not include the temporal evolution of the plasma, and that for higher density and shorter current pulses, sufficient energy may not be deposited to reach the quasi-static state. In order to predict the minimum current required for typical current pulses with a rise time of ≈ 100 ns, magnetohydrodynamic (MHD) simulations were performed. Spatial and time dependences of plasma electron density and temperature in capillary discharge were evaluated by means of one-dimensional two-temperature (ion and electron) one-fluid MHD code. For the capillary discharge under consideration, the quasi-static state is determined mainly by electron thermal conductivity and Joule heating. It is also necessary to incorporate the degree of ionization both into the equation of state and into the dissipative coefficients.
Since the length of the capillary is much larger than its diameter, it is reasonable to use the one-dimensional approximation. The set of dissipative MHD equations used here was described in [30] [31] [32] . The expressions for the dissipative coefficients and the rate of the thermal transfer between ions and electrons were taken from 33 , where the possible considerable difference between the Coulomb logarithms λ ee , λ ii and λ ei for electron-electron, ion-ion and electron-ion collisions, respectively, was taken into account. At low temperatures, as long as the mean ion charge is considerably less than unity, there is a fraction of neutral particles in the plasma. To take into account the partial ionization of hydrogen plasma we re-normalize the electron-ion collision frequency ν ei by taking into account the contribution of neutral particles to the electron scattering. We assume that the conditions for the local thermodynamic equilibrium are satisfied separately for the electron and ion components. The local equilibrium state of ionization, z, corresponds to the minimum free energy at given T e , T i and specific volume of the atomic cell V . This equation generalizes the Saha equation for a plasma composed of atoms and singly-ionized ions to the case when T i ̸ = T e . In the case of the H-filled capillary Also shown in (a) is the normalized discharge current. For each value of current except for 33A, a stable density profile is observed for tens of ns [(a) and (c)], along with temperature on-axis above 3eV (which yields full on-axis ionization). Only the case of 33A does not provide plasma properties suitable for guiding. The plasma channel density and depth at t = 150 ns do not vary significantly with peak current. discharge, the influence of radiation cooling on plasma dynamics is negligibly small because the magnitude of the electric current is significantly less than the PeaseBraginskii current value 34, 35 . Initially there is no electric current inside the channel, and hence in order to initiate the discharge in the simulations, the gas was artificially pre-ionized by setting its initial temperature to 0.3 eV. We do not simulate the initial breakdown of the neutral hydrogen gas because, the duration of breakdown is short compared to the times of interest for formation of the plasma channel, and the details of the breakdown do not affect substantially the deduced properties of the plasma at later times. After the breakdown, the current pulse heats the plasma and creates an azimuthal component of the magnetic field.
There is no pinching of the plasma since the plasma pressure is considerably higher than the magnetic field pressure. The plasma is confined from expansion in the radial direction by the elasticity and the inertia of the capillary walls.
We use the physical model described above to simulate the discharge under the conditions of the experiment. In these simulations the capillary was taken to be made from sapphire with r cap = 125 µm and pre-filled with pure hydrogen of uniform density and temperature at an initial density of 2.9×10 −6 g/cm 3 , which corresponds to a pressure of 26 Torr at room temperature. For t ≥ 0 the current was assumed to be of the form I(t) = I p sin(πt/t 0 ), where I p = 140 A, 80 A, 33 A and t 0 = 120 ns.
The results of the simulations are shown in Fig. 1 , in which the three stages of plasma evolution are evident. The on-axis values for density, temperature, matched spot size, and ionization level are shown in (a), (b), (c), and (d), respectively. The matched spot size was calculated by performing a parabolic fit to n e (r) over the range r < 44 µm. During the first stage the electric field penetrates the plasma very quickly (the skin time is on the order of 1 ns). Plasma is heated and ionized and, as the electric current increases, n e , T e , and z grow with time. Taking the example of I p = 140 A this phase ends at ≈ 50 ns as the ionization level becomes high. During the second stage when less energy is required for ionization, the rate of rise in temperature increases rapidly. Thermal conduction to the wall becomes significant, causing the temperature profile to become peaked at the axis. In order to keep pressure constant across the the capillary, the plasma density reduces on-axis, as shown in Fig. 1 (a) at 50 ns < t < 60 ns for 140A.
During the third stage of the discharge the plasma is in quasi steady-state equilibrium at a given electric current. The plasma pressure is almost homogeneous. The plasma temperature has its maximum on the axis, due to the fact that the Ohmic heating is balanced mainly by thermal conduction to the relatively cold capillary wall. Since the hydrogen is ionized to a high degree and at constant pressure, a monotonic radially-decreasing temperature results in an axial minimum in the electron density profile of the plasma. The on-axis temperature rises and falls with the instantaneous value of current. During this stage the plasma density profile varies only weakly with current (time), as shown by the on-axis density in Fig. 1 (a) and the matched spot size in Fig. 1(c) . This suggests that lower current can be used to achieve the desired density profile. Indeed for lower peak current (80 A and 45A) we see that the third stage (in which guiding of intense laser pulses is possible) is still reached, although it occurs for later times (t ≈ 100 ns for I 0 = 80A, after t ≈ 140 ns for I 0 = 45A). For 33 A the steady-state equilibrium is not established during the time of discharge, although a density-minimum on-axis is observed for some delays. The radial distributions of electron density at 150 ns for electric currents of 140A, 80 A, 45A and 33A are plotted in Fig. 2(a) . An axial minimum in the radial electron density profile is well established for electric currents of 140A, 80 A and 45A, but not for 33A. Fig. 2(b) shows the density profiles at 200 ns. Although there is a density minimum on axis for all values of peak current, poorquality guiding of intense laser pulses may be observed for the 33 A case because the partially ionized plasma [as shown in Fig. 1(a) ] may result in ionization-induced defocusing of the laser pulse. For the 33 A case the maximum ionization degree of ≈ 96 % is achieved ≈ 80 ns after the peak of current. This corresponds to a potential increase in the on-axis density of 0.04 × 10 18 cm −3 , which is approximately the same as the plasma channel depth at a radius of W M = 54 µm. This will give rise to ionization-induced defocusing of spatially Gaussian laser pulses (but may be of interest for guiding of pulses with different spatial profiles 36 ). In addition to the issue of ionization defocusing and formation of a weaker channel, operation close to threshold may result in loss of guiding profile at the cooler parts of the capillary (e.g. near gas entrance holes) which is not taken into account in this 1D treatment.
The simulations show that for initial gas pressure of 26 Torr, I p = 33A is not enough to establish necessary conditions for channeling of laser pulses (although it should be noted that this may not be the case for a longer current pulse). We have also investigated the dependence on initial density (pressure). In Fig. 3 the dependence of axis density (solid line) and axis degree of ionization (dashed line) are shown for three initial pressures: 26, 13, and 2.6 Torr. The axial electron density is constant after t ≈ 60 ns for 2.6 Torr, and after t ≈ 125 ns for 13 Torr. Full ionization on the axis is achieved at t ≈ 50 ns for 2.6 Torr, and at t ≈ 125 ns for 13 Torr. This is expected from considerations of the energy required for ionization and shows that the peak current can be lowered for lower density.
B. Experimental determination of minimum current for waveguide formation
Experiment setup
The hydrogen-filled capillary discharge waveguide has been described in detail elsewhere 19, [37] [38] [39] . For the experiments presented here the capillary was formed out of semi-circular grooves in two sapphire blocks of dimensions 4 × 20 × 33 mm. The capillary had diameter 250 µm ± 5 µm and length 33 mm. The capillary was filled via 15 mm − long, 500 µm-diameter gas inlets located 2 mm from each end to an initial pressure between the slots of 26 Torr unless otherwise stated. The gas inlets were in turn fed from meter-long plastic tubes of diameter 2.5 mm. The minimum expected matched spot size from the MHD simulations shown in Fig. 1 itors and the resistance and capacitance of the circuit shown in Fig. 4 . Typical discharge current traces for the various configurations are shown in Fig. 6(d) , with risetimes of ≈ 100 ns.
In order to experimentally determine the minimum current required for waveguide formation, guiding of femtosecond laser pulses was performed. The experiment setup (shown in Fig. 5 ) employs pulses from a Ti:sapphire regenerative amplifier, producing laser pulses of duration 40 fs, wavelength 800 nm, and bandwidth 30 nm. Pulses of energy 1 µJ were focused to a spot size of 38 µm (radius at which intensity drops to 1/e 2 of the peak value) at the entrance of a hydrogen-filled capillary discharge waveguide. The energy and spatial mode of pulses transmitted through the capillary were measured with a photodiode and CCD camera, respectively. The current through the capillary was measured with a current transformer and oscilloscope. The relative delay between the laser pulse and the discharge current was measured with a photodiode and oscilloscope. Control over the input spot size was achieved with a telescope and beam energy with a waveplate and polarizer. For vacuum propagation, the laser mode at focus is shown in Fig. 6(a) , and at the capillary exit plane in Fig. 6(b) . An example of a mode exiting the capillary for peak current of 50A is shown in Fig. 6(c) . 
Results on the minimum discharge current required
The portion of the energy transmitted through the waveguide is plotted as a function of delay in Fig. 6(e) . For 50, 80, and 140 A the peak energy transmission is above 90 % for t 100 ns. For peak current 33 A it can be seen that the peak transmitted laser energy and width of high transmission drops significantly. Given the timing jitter of 10 ns, current pulses with peak current 50 A and above are deemed suitable for guiding. This is for current pulse full-width-half-maximum τ I (FWHM) ≈ 160 ns, density n e ≈ 10 18 cm −3 and capillary radius r cap = 125 µm. This is consistent with the MHD simulations presented in Fig. 1.   vi 
C. Wall erosion measurements at low repetition rate
Erosion measurements in this section were performed measuring the surface of capillaries before and after firing a large number of discharges at a repetition rate of a few Hz. Two measurement techniques were employed. The first technique was performed on trapezoidal capillaries where one side was initially optically polished. The channel dimensions were chosen to approximate the cross-sectional area of a 250 µm-diameter circular capillary. The extent of wall erosion by the plasma was determined by comparing microscope images of the optical surface, as well as the capillary ends. Erosion would manifest as pitting of the optical surface as well as the enlargement of the capillary ends.
For a 168 µm-wide (average), 208 µm-deep, 33 mmlong capillary filled with 26 Torr neutral hydrogen, which was exposed to 5 × 10 4 discharges with a current pulse peak of 160 A and FWHM 150 ns, pitting of the optical wall and enlargement of the ends was visible in the microscope images, indicating that erosion was taking place for these conditions. For a 230 µm-wide (average), 244 µm-deep, 33 mm-long capillary filled with 26 Torr neutral hydrogen, which was exposed to 5 × 10 5 discharges with a current pulse peak of 80 A and FWHM 125 ns, no modification to the optical surface was observed.
For a more precise comparison with the guiding data, erosion was also measured in the capillary with circular cross-section using an interferometric surface profiler. These measurements also allow for determination of whether the rougher surface of the circular capillaries has an effect on erosion. For the case of 80 A, the surface profile of the capillary was measured before and after 5×10 5 discharges with initial pressure 26 Torr. To within the 0.6 µm error in the measurement, no erosion was observed. If we assume that an application can tolerate a 10 % change in matched spot size and that the erosion per shot is constant, we can use the inverse square root dependence of matched spot size with radius derived in Ref. 20 to estimate that the capillary can be operated for at least an hour at a repetition rate of 1 kHz. In order to show that the capillary can be operated for longer periods in reasonable time, a more accurate measurement of eroded volume or higher repetition rate discharge is required. The next section describes the development of a capillary discharge waveguide operating at 1 kHz, which allowed for better determination of the potential erosion rate.
III. DEMONSTRATION OF KHZ OPERATION

A. Average Power Limitations
If the average power dissipated into the capillary wall becomes too high, melting will occur. To determine this limitation on repetition rate in this section we report on steady-state solutions of the heat dissipation in sap- phire and diamond capillary waveguides. The model used treats the thermal parameters of the materials as functions of temperature. Conductive heat transfer is governed by:
where q, k(T ) and T are the heat flux, thermal conductivity and temperature, respectively. The heat transfer equation was solved subject to the boundary conditions, which are constant heat flux at the inner capillary wall and constant temperature of 300 K (corresponding to room temperature water cooling) at the outer surface. Figure 7 shows the maximum temperature as a function of power dissipated in a sapphire and diamond cylindrical capillary of radius 125 µm, outer diameter 2 mm, and length 25 mm. Considering the melting point of sapphire (≈ 2300 K) vs diamond (≈ 3800 K), the power that can be tolerated is two orders of magnitude higher for diamond than for sapphire.
To place limits on repetition rate we first estimate the energy deposited into the capillary per shot. For example the Spitzer resistivity calculated from the temperature and density for the 80 A case of Fig. 1 yields an energy deposited into the structure of ≈ 30 mJ using Ohms law. Taking the example of 1 kW from Figure 7 (a) where the temperature is still well below that of the melting point for sapphire, the maximum repetition rate for the 80 A case is ≈ 30 kHz.
B. Repetition Rate Limitation due to Capillary Refill Time
The time required to refill the capillary after a discharge can also limit the repetition rate. After a discharge is struck the plasma temperature and pressure rise in ≈ 100 ns. The plasma will expand rapidly into the vacuum region and the gas feed slots and cool until pressure of the hot gas matches the upstream feed gas pressure (in a few tens of µs). In order to place an upper limit on this expansion, the peak radially-averaged temperature and density inside the capillary were taken from the the 80 A, 26 Torr MHD simulation. Assuming adiabatic expansion into the gas slots alone (which will overestimate the expansion) it is estimated that the hot gas expands a few mm inside the 2.5 mm-diameter plastic tubing, and the temperature is a few thousand kelvin.
Time-resolved 3D simulations to determine the refilling time after the expansion phase were run using the FLUENT computational fluid dynamics package in ANSYS 14.5
40 . Laminar flow was assumed with the slip boundary formulation for low-pressure gas systems, which extends the laminar flow model into the transition regime.
The gas feed slots and capillary were fed by a reservoir of hydrogen with a volume orders of magnitude larger. The capillary length and diameter were 33 mm and 250 µm, respectively. Two cases were investigated bracketing the estimated expansion, the first of which had gas feed geometry matching the experiment and an expansion 30 mm into the plastic tubing. The second was for a modified geometry where the gas slots in the sapphire were 3 mm-long and directly attached to the constant-pressure reservoir.
The reservoir and all tubes were initially filled with 34 Torr hydrogen. The reservoir was initialized with 300 K and the tubes with 3000 K. The exit of the capillary emptied into a vacuum region with a fixed 100 mTorr static pressure at its boundary. The system was allowed to evolve in 100 ns steps for 600 µs via a coupled pressurevelocity solution scheme with second order spatial discretization.
The results are shown in Fig. 8 , which shows the density in the middle of the capillary as a function of time. For both cases the capillary refills in less than 1 ms, which supports 1 kHz operation. For the first case with longer fill tube and geometry that matches the experiment, after 600 µs, the capillary had refilled with pressure variation less than 0.2 % between the gas slot and the capillary center. The equilibrium flow rate was 6.3 × 10 −8 kg/s. The measured flow rate was 6.4 × 10 −8 kg/s. The simulated pressure inside the capillary was 27.5 Torr compared with the measured value of 26 Torr, the small difference likely due to the fact that the simulation does not include the almost meter-long plastic tubing to the upstream pressure meter.
The results show that the capillary refills on sub-ms timescales, and that the refill time is dominated by the time to fill the capillary section, allowing for kHz repetition rates with the current design. Shorter capillaries or additional gas feeds could be used to decrease refill time further.
C. The 1 kHz pulsed power supply
Since the gas refill time is sub-ms, a pulsed power supply capable of kHz repetition rates was built. The design (described in detail in Ref. 41 ) was kept similar to the 1 Hz pulsed power supply used for the guiding experiments presented here and in previous experiments 19, 37, 38 , employing a damped RLC discharge circuit where the energy storage capacitor and lumped element wave-shaping and current-limiting components can be easily adjusted to accommodate a range of capillary discharge requirements.
The charging system is based on a conventional 8 kJ/s capacitor charging supply (TDK-Lambda 802L). There is also a conventional resistor network and diode string in the pulser chassis to protect the power supply from voltage reversal and to protect the switch from the stored energy in the power supply cable (see Fig. 4 ). At 1 kHz the average power dissipated in series resistors and the switch from the cable capacitance is ≈ 100 W. Forced air cooling is used for the series resistor array and the switch.
D. Demonstration of kHz operation
In this section the operation of a capillary at kHz repetition rates is demonstrated. As shown in Section III A, it was expected that operation at kHz repetition rate causes approximately 30W to be deposited into the capillary wall. Since the capillary is in vacuum and has poor thermal contact with the chamber, it was necessary to add external cooling. A water-cooled version of the waveguide was built. Water at 22
• C was flowed across one of the two sapphire blocks (the surface opposite the semicylindrical groove) using a closed loop chiller system with 230 W cooling capacity.
In order to determine if the plasma is affected by operation at high repetition rates, several diagnostics were employed. The optical emission from the plasma was measured using a time-averaged spectrometer and photodiode, and the mass flow rate of hydrogen measured at the entrance to the vacuum chamber using a pressure controller with built-in flow meter. At 1 kHz repetition rate both the optical plasma emission and flow rate were reduced compared to 1 Hz case. Fig. 9 shows the flow measured immediately before bursts of 1000 discharges separated by 1 ms. The time between the end of a burst and the beginning of the next was 5 s, which is longer than the time required to refill the capillary after a discharge is fired. This is confirmed experimentally by the fact that at 1 Hz repetition rate the flow and light yield are constant. The average repetition rate was 500 Hz. It can be seen that the flow rate reduces but stabilizes after about 15 bursts (150 s). Since the pressure inside the capillary is measured by the sensor lines directly coupled to the capillary and held constant, a rise in temperature of the gas and associated reduction in density is the likely cause of decrease in reduced light yield and flow.
In order to quantitatively determine if the gas temperature explanation for reduced flow is plausible, we model the flow. Typically computationally-expensive direct simulation Monte Carlo (DSMC) methods or slipcorrected fluid models are used since the flow transitions to rarefied flow close to the capillary ends. Here we leverage the analytic framework developed in Ref. 42 , where the mass flow rate through a tube of length l with a pressure drop ∆P is given bẏ
where m is the molecular mass of the gas, k is the Boltzmann constant, and T is the temperature of the gas. The dimensionless flow rate G can be calculated using (4) where δ a is the average of the rarefaction parameters at the entrance and exit of the tube. The rarefaction parameter is defined by δ = √ πr cap /2λ, where λ is the mean free path. The flow calculated from Eq. 3 using T = 295 K is 7.8 × 10 −8 kg/s. For the flow measured before the first burst, the flow was 7.2 × 10 −8 kg/s, which agrees with the calculated flow to well within the 20 % error in the flow measurement. In order to match the experimentally measured percentage drop in flow from the first burst to the stabilized value in Fig. 9 the model requires an increase in temperature of ≈ 20 K.
In order to determine if the temperature rise of the gas calculated from the reduction of flow during kHz operation is reasonable, thermocouple measurements were undertaken using type K thermocouples that had time to reach 99 % of actual value almost 1 minute. Thermocouples were placed on the outer walls of the capillary (4 mm from the capillary axis). The temperature rise of 33 mm-long 250 µm-diameter capillary was measured after a kHz discharge test that ran continuously for 15 minutes (0.9 million shots) with peak current of 70 A and 32 Torr hydrogen in capillary. Since electrical noise due to the discharge prevented measurement during kHz operation, measurement using the handheld thermocouple reader could only begin several seconds after the discharge burst had stopped. Before the discharge was struck the temperature measured on the water-cooled side was 21.7
• C and 22.2 • C on the other side. The temperature as a function of time after the discharge burst is shown in Fig. 10 . The temperature rise at the outer wall is ≈ 20 K. The complicated geometry would require simulation to determine the precise temperature at different locations in the capillary and For the 1 kHz data the flow rate was increased by 25% to compensate for reduced density.
gas slots but this is in reasonable agreement with the the ≈ 20 K rise calculated from half-duty-cycle data of Fig. 9 . The reduced average repetition rate will reduce the measured temperature but the temperature rise at the capillary-gas interface will be larger than that measured on the outer wall of the capillary. The results should therefore be considered simply as a demonstration of the effect of gas temperature increase. If for higher repetition rate the gas temperature increases and the molecular density decreases, an increased flow rate is required to achieve the same plasma conditions as the low repetition rate case. The time-averaged spectrum and photodiode signals of single discharges were used to demonstrate this. Note that if the density was changed, the linewidth of the hydrogen lines would change as well as the overall light intensity, and if the temperature was altered the hydrogen line to continuum ratios would be different. Fig. 11 shows spectra and photodiode signals at 1Hz and 1 kHz discharge modes at same voltage but flow of the kHz case adjusted to equal the light yield of the 1Hz case. The results on the two repetition rates for both diagnostics match well, suggesting the plasma is not affected by operation at kHz repetition rates (as long as the molecular density is kept constant by adjusting the flow). The stability of the plasma was improved for the 1 kHz case, as measured by an improvement in the standard deviations in integrated discharge current from 4.5 % to 1.8 %, and in light yield from 4.3 % to 1.6 %. This may be due heating of the electrodes or the thyratron switch.
For further comparison with MHD simulation the energy deposited into the sapphire per shot was measured. Since precise simulation of the geometry would be required to retrieve this from the data in Fig. 10 , it was decided to measure the temperature rise of the sapphire blocks where heat loss was small and could be taken into account. Three changes to the thermocouple measurements allowed for this. First, the water cooling system was disconnected to reduce heat conduction from the sapphire. Second, the thermocouple was read via computer so that the temporal evolution of the temperature could be measured on a faster timescale. And finally, short (1 second) kHz bursts were used to deposit a finite amount of energy into the sapphire. An example measurement of a single burst taken in a 33 mm-long 250 µm-diameter capillary is shown in Fig. 12 . The gap in the temperature measurement is due to electrical noise from the discharge. It was not possible to measure the temperature during the discharges but since the timescale for heat equilibration in sapphire blocks of the size employed is more than 1 second and time for reaching equilibration value about a minute, data during this time is not required.
Using the size of the sapphire blocks and the specific heat capacity of sapphire, and extrapolating to take into account the slow response of the thermocouple, the heat deposited into the sapphire can be calculated. The results of this calculation are shown in Fig. 13 , which shows the heat deposited as a function of peak current. Also shown is the heat deposited to the plasma as calculated from MHD simulations. The simulated temperature was used to calculate the Spitzer resistivity and the power vs time curve was integrated to get the total heat deposited. The MHD result measures the total heat deposited to the plasma and does not take into account energy lost through plasma and hot gas ejection which continue to occur after the discharge current has ceased. Three-dimensional MHD simulations (or an estimate of the expansion of the plasma and subsequent gas along with transfer of heat to the walls) would be required for a more precise comparison with experiment. The current results are however sufficient for validating the x   FIG. 13 . Heat deposited per discharge in a capillary of diameter 250 µm filled with hydrogen at 26 Torr as a function of discharge voltage. The black squares are calculated from temperature rise measurements after 1second-long kHz bursts and the blue circles are the result of a Spitzer resistance calculation of MHD data. The MHD result measures the total heat deposited to the plasma and does not take into account energy lost through plasma and hot gas ejection which continue to occur after the discharge current has ceased. In order to determine the feasibility for long-term kHz operation, the water-cooled sapphire capillary (length 33 mm and diameter 250 µm) was exposed to 10 million discharges at 1 kHz repetition rate. The peak current xi was 80 A and the hydrogen pressure inside the capillary was 26 Torr.
The surface profiles of the two semi-circular channels measured with an interferometric profiler before and after the discharges are shown in Fig. 14 . The data corresponds to an average over 10 µm in the center of the capillary.
It can be seen from Fig. 14 that shape and size of the capillary did not change significantly. To examine this with greater accuracy the surface profiles along the capillary axis averaged over a central width of 35 µm are shown in Fig. 15 . The black line shows the initial profile and the red the profile after exposure to 10 million discharge shots. The shaded areas correspond to the rms error as calculated from separate measurements on an 8 µm VLSI/NVLAP step height standard which yielded 0.5 % error. For the capillary measurements in the center of the channel this corresponds to an error of 0.6 µm. The actual error on an individual pixel may be slightly higher. The few micron variations seen in the initial profile are due to the laser machining process. These laser-machining artifacts before and after the erosion test are well within the error for the majority of the measurement. Taking the mean of these profiles, the initial and post-experiment depths were 122.5, and 122.1 µm, respectively. Thus no erosion was observed within the 0.6 µm error after 10 million shots, corresponding to 2 hours and 45 minutes of operation. Considering that in an actual experiment we can tolerate a few um erosion, this experiment shows that the capillary operating under conditions for which good guiding was observed could last more than 20 hours. Future tests may prove significantly longer operation.
IV. CONCLUSION
In order to increase the repetition rate of capillary discharge waveguides, erosion due to discharge heating in a capillary discharge waveguide was mitigated by appropriate choice of current pulse amplitude and width. High laser energy transmission and small output laser modes showed that peak current as low as 50 A is suitable for waveguide formation for capillary radius 125 µm, density ≈ 10 18 cm −3 , and pulse FWHM 160 ns. Surface profile measurements for peak current 80 A showed no observable sapphire erosion taking place.
Thermal simulations showed a repetition rate limit of tens of kHz for the case described above using room temperature cooling, and fluid simulations showed that kHz operation was possible with the current design. Modifications to the gas feed geometry or capillary length could improve upon this. Experiments showed that the flow of gas through the capillary had to be increased to keep the plasma emission (and hence density) constant when increasing the repetition rate from 1 Hz to 1 kHz, which was consistent with a moderate rise in temperature of the sapphire walls and hydrogen gas. Stable operation of the capillary could be achieved at 1 kHz repetition rate once time was allowed for temperature stabilization, resulting in a factor 2 improvement on the standard deviation of light emitted from the plasma and current through the waveguide. Ten million discharges were fired without observable erosion of the sapphire wall, which enables applications such as electron beam focusing to kHz repetition rates.
For use in LPAs ablation of the wall material should be avoided by employing a sufficiently high quality laser mode. In addition, the heat load due to residual wake energy must also be considered and future work should investigate efficient removal of the waste energy via photon acceleration of a trailing pulse 43 . Although in theory all of the wake energy could be removed using a trailing pulse in the linear regime of an LPA, practical considerations such as laser evolution may require the waveguide to withstand increased heat deposition. In this case a capillary material capable of surviving increased heat load is desirable, and simulation showed that the maximum heat load that can be dissipated by diamond is two orders of magnitude higher than for sapphire. Channel width (µm)
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